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Abstract
In this work, we implement a complex scalar Dark Matter (DM) candidate in a U(1)B−L gauge
extension of the Standard Model. The model contains three right handed neutrinos with different
quantum numbers and a rich scalar sector, with extra doublets and singlets. In principle, these
extra scalars can have VEVs (VΦ and Vφ for the extra doublets and singlets, respectively) belonging
to different energy scales. In the context of ζ ≡ VΦVφ ≪ 1, which allows to obtain naturally light
active neutrino masses and mixing compatible with neutrino experiments, the DM candidate arises
by imposing a Z2 symmetry on a given complex singlet, φ2, in order to make it stable. After doing
a study of the scalar potential and the gauge sector, we obtain all the DM dominant processes
concerning the relic abundance and direct detection. Then, for a representative set of parameters,
we found that a complex DM with mass around 200 GeV, for example, is compatible with the
current experimental constraints without resorting to resonances. However, additional compatible
solutions with heavier masses can be found in vicinities of resonances. Finally, we address the issue
of having a light CP-odd scalar in the model showing that it is safe concerning the Higgs and the
Zµ boson invisible decay widths, and also the energy loss in stars astrophysical constraints.
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I. INTRODUCTION
Currently, it is well established from several observations and studies of the Universe on
different scales that most of its mass is constituted of dark matter (DM) [1–5]. Although,
the nature of DM is still a challenging question, the solution based on the existence of a
new kind of neutral, stable and weakly interacting massive particles (WIMPs) is both well
motivated and extensively studied. This is mainly due to two reasons. The first reason
is that WIMPs appearing in a plethora of models [6–16] give “naturally” the observed
relic abundance, ΩDMh
2 = 0.1199 ± 0.0027 [5]. The second reason is that WIMPs may
be accessible to direct detection. Currently, there is a variety of experiments involved in
the search for direct signals of WIMPs which have imposed bounds on spin-independent
WIMP-nucleon elastic scattering [17–19].
It is also well known that, although the Standard Model (SM) has been tremendously
successful in describing electroweak and strong interaction phenomena, it must be extended.
Physics beyond the SM has both theoretical and experimental motivations. For instance,
the neutrino masses and mixing, which are required for giving a consistent explanation for
the solar and atmospheric neutrino anomalies, is one of the most firm evidences to go beyond
the SM. Another motivation is providing a satisfactory explanation to the nature of the DM.
This last reason is the focus of our work. The preferred theoretical framework which provides
a DM candidate is supersymmetry [6–9]. However, many other interesting scenarios have
been proposed [10–16]. In this paper, we focus on the possibility of having a viable scalar
DM candidate in a U (1) gauge extension of the SM. In particular, this model, sometimes
referred as the flipped B − L model [20, 21] has a very rich scalar content, which allows us
to obtain a complex scalar DM candidate.
The outline of this paper is the following. In Sec. II we briefly summarize the model under
consideration. In Sec. III we study the vacuum structure and the scalar sector spectrum
that allows us to have a viable complex scalar DM candidate in the model. In particular,
we considered the scalar potential in the context of ζ ≡ VΦ
Vφ
≪ 1, where VΦ and Vφ are the
vacuum expectation values, VEVs, of the doublets Φ1,2 and the singlets φ1,3,X respectively.
In Sec. IV we present the gauge sector and choose some parameters that simplify the study
of the DM candidates. In Sec. V we calculate the thermal relic density of the complex
scalar DM candidate and present a set of parameters that are consistent with the current
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observations. In Sec. VI we summarize the main features of our study. Finally, in the
Appendix, we show the general minimization conditions used to calculate the scalar mass
spectrum.
II. BRIEF REVIEW OF THE B − L MODEL
We briefly summarize here the model in Refs. [20, 21]. It is an extension of the SM based
on the gauge symmetry SU(2)L⊗U(1)Y ′⊗U(1)B−L where B and L are the usual baryonic and
leptonic numbers, respectively, and Y ′ is a new charge different from the hypercharge Y of the
SM. The values of Y ′ are chosen to obtain the hypercharge Y through the relation Y = [Y ′+
(B−L)], after the first spontaneous symmetry breaking. Assuming a generation-independent
charge assignment, the non-existence of mirror fermions and restricting ourselves to integer
quantum numbers for the Y ′ charge, the anomaly cancellation constrains the number of right-
handed neutrinos, nR ≥ 3 [20]. Considering nR = 3, there is an exotic charge assignment
for the Y ′ charge where Y ′nR1,nR2 = −4 and Y ′nR3 = 5 besides the usual one where Y ′nRi = 1
with i = 1, 2, 3. The model under consideration has that exotic Y ′ charge assignment. The
respective fermionic charge assignment of the model is shown in Table I.
Fermion I3 I Q Y
′ B − L
νeL, eL 1/2,−1/2 1/2 0,−1 0 −1
eR 0 0 −1 −1 −1
uL, dL 1/2,−1/2 1/2 2/3,−1/3 0 1/3
uR 0 0 2/3 1 1/3
dR 0 0 −1/3 −1 1/3
n1R, n2R 0 0 0 4 −4
n3R 0 0 0 −5 5
Table I: Quantum number assignment for the fermionic fields.
In the scalar sector the model has three SU(2)L doublets, H, Φ1, Φ2, and four SU(2)L
singlets, φ1, φ2, φ3, φX . The scalar charge assignments are shown in Table II. The H doublet
is introduced to give mass to the lighter massive neutral vector boson Z1µ, the charged vector
bosonsW±µ , and the charged fermions, as in the SM. Besides giving mass to the extra neutral
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vector boson Z2µ, which is expected to be heavier than Z1µ, the other scalars are mainly
motivated to generate mass for both the left and the right handed neutrinos. In order to
be more specific, the other Φ1 and Φ2 doublets are introduced to give Dirac mass terms at
tree level through the renormalizable Yukawa interactions DimLLinRmΦ1 and Di3LLinR3Φ2
in the Lagrangian. The φ1, φ2 and φ3 singlets are introduced to generate Majorana mass
terms at tree level (Mmn(nRm)cnRnφ1,M33(nR3)cnR3φ2,Mm3(nRm)cnR3φ3). Finally, the φX
singlet is introduced to avoid dangerous Majorons when the symmetry is broken down as
shown in Ref. [21]. These extra scalars allow the model to implement a see-saw mechanism at
O (TeV) energy scale, and the observed mass-squared differences of the neutrino are obtained
without resorting to fine-tuning the neutrino Yukawa couplings [21]. Other studies about
the possibility that the model accommodates different patterns for the neutrino mass matrix
using discrete symmetries (S3, A4) have been done [22, 23].
Scalar I3 I Q Y
′ B − L
H0,+ ∓1/2 1/2 0, 1 1 0
Φ0,−1 ±1/2 1/2 0,−1 −4 3
Φ0,−2 ±1/2 1/2 0,−1 5 −6
φ1 0 0 0 −8 8
φ2 0 0 0 10 −10
φ3 0 0 0 1 −1
φX 0 0 0 3 −3
Table II: Quantum number assignment for the scalar fields.
With the above matter content we can write the most general Yukawa Lagrangian re-
specting the gauge invariance as follows
− LY = Y (l)i LLieRiH + Y (d)ij QLidRjH + Y (u)ij QLiuRjH˜ +DimLLinRmΦ1 +Di3LLinR3Φ2
+Mmn(nRm)cnRnφ1 +M33(nR3)cnR3φ2 +Mm3(nRm)cnR3φ3 + H.c., (1)
where i, j = 1, 2, 3 are lepton/quark family numbers; m,n = 1, 2, and H˜ = iτ2H
∗ (τ2 is the
Pauli matrix). Also, we have omitted summation symbols over repeated indices.
Finally, the most general renormalizable scalar potential obtained by the addition of all
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these above mentioned scalar fields is given by
VB−L = −µ2HH†H + λH
∣∣H†H∣∣ 2 − µ211Φ†1Φ1 + λ11 ∣∣∣Φ†1Φ1∣∣∣2 − µ222Φ†2Φ2 + λ22 ∣∣∣Φ†2Φ2∣∣∣2
−µ2sα |φα|2 + λsα |φ∗αφα|2 + λ12 |Φ1|2 |Φ2|2 + λ′12(Φ†1Φ2)(Φ†2Φ1) + ΛHγ |H|2 |Φγ |2
+Λ′Hγ(H
†Φγ)(Φ
†
γH) + ΛHsα |H|2 |φα|2 + Λ′γα |Φγ|2 |φα|2 +∆αβ(φ∗αφα)(φ∗βφβ)
+
[
β123φ1φ2(φ
∗
3)
2 + Φ†1Φ2(β13φ1φ
∗
3 + β23φ
∗
2φ3)− iκH1XΦT1 τ2HφX
−iκH2X(ΦT2 τ2H)(φ∗X)2 + βX(φ∗Xφ1)(φ2φ3) + β3X(φ∗Xφ33) + H.c.
]
, (2)
where γ = 1, 2; α, β = 1, 2, 3,X; and α 6= β in the ∆αβ(φ∗αφα)(φ∗βφβ) terms.
III. THE VACUUM STRUCTURE AND THE SCALAR SECTOR SPECTRUM
In general, DM must be stable to provide a relic abundance in agreement with the one
measured by WMAP and PLANCK, ΩDMh
2 = 0.1199 ± 0.0027 [4, 5]. Although the DM
stability could result from the extreme smallness of its couplings to ordinary particles, we
restrict ourselves to search for a discrete, or continuous, symmetry such as Z2, or U(1), to
protect DM candidates to decay.
First, we consider the scalar potential in Eq. (2) looking for an accidental symmetry that
naturally stabilizes the DM candidate. Doing so, we find that the scalar potential has just
the SU(2)⊗ U(1)Y ′ ⊗ U(1)B−L initial symmetry. However, none of these gauge groups can
generate a stable neutral scalar when they are spontaneously broken down to U(1)Q. There-
fore, we impose a discrete symmetry in the following way: Z2(φ2) = −φ2 and the other scalar
fields being even under this Z2 symmetry. As a result, the β23Φ
†
1Φ2φ
∗
2φ3, β123φ1φ2(φ
∗
3)
2 and
βX(φ
∗
Xφ1)(φ2φ3) terms are prohibited from appearing in the scalar potential, Eq. (2). Actu-
ally, when these terms are eliminated from Eq. (2), the true global symmetry in the potential
is SU(2) ⊗ U(1)Y ′ ⊗ U(1)B−L ⊗ U(1)χ, where the last one is U(1)χ : φ2 → exp(−iχφ2)φ2,
where χφ2 is the φ2 quantum number under the U(1)χ symmetry, and the rest of the fields
being invariant. It is important to say that we have taken into account the simplicity and
some phenomenological criteria to choose the Z2 symmetry above. For example, if we im-
pose Z2 (φ1) = −φ1 (and the other fields being even), the model has a massless right handed
neutrino, say NR, at tree level. That poses a tension with the experimental data of the
invisible Zµ decay width [24], since Zµ → N¯R + NR would be allowed to exist [25]. Other
simple choices such as Z2(φ3) = −φ3 or Z2(φX ,Φ1) = −φX ,−Φ1 should be avoided due
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to the appearance of Majorons, Js, in the scalar spectra. As it is well known, the major
challenges to models with Majorons come from the energy loss in stars, through the process
γ + e− → e− + J , and the invisible Zµ decay width, through Zµ → RJ → JJJ , being R a
scalar [26].
For the general case of the scalar potential with the U(1)χ symmetry, we have the min-
imization conditions given in the Appendix. In general, those conditions lead to different
breaking symmetry patterns and to a complex vacuum structure because the scalar potential
has several free parameters. In this paper, however, we restrict ourselves to find a (some)
viable scalar DM candidate(s) and to study its (their) properties in a relevant subset of the
parameter space.
First, we impose the necessary conditions for all real neutral components of the scalar
fields, except φ2R, to obtain nontrivial vacuum expectation values (VEVs), i.e. 〈H0R〉 =
VH , 〈Φ01R〉 = VΦ1, 〈Φ02R〉 = VΦ2 , 〈φ1R〉 = Vφ1, 〈φ2R〉 = 0, 〈φ3R〉 = Vφ3 , 〈φXR〉 = VφX . For the
sake of simplicity, we set VΦ1 = VΦ2 = VΦ and Vφ1 = Vφ3 = VφX = Vφ. Thus, the U(1)χ
symmetry is not spontaneously broken and the model possesses two neutral stable scalars
which are the real (CP-even) and the imaginary (CP-odd) parts of the φ2 field with the
same mass given by
M2DM =
1
2
[
ΛHs2V
2
SM + (Λ
′
12 + Λ
′
22 − 2ΛHs2)V 2Φ + (∆12 +∆23 +∆2X)V 2φ − 2µ2s2
]
; (3)
where we have defined V 2SM ≡ V 2H + V 2Φ1 + V 2Φ2 = V 2H + 2V 2Φ = (246)2 GeV2. From here on,
we work with M2DM as an input parameter, thus we solve Eq. (3) for µ
2
s2
µ2s2 =
1
2
[
ΛHs2V
2
SM + (Λ
′
12 + Λ
′
22 − 2ΛHs2)V 2Φ + (∆12 +∆23 +∆2X)V 2φ − 2M2DM
]
. (4)
If we allow 〈φ2〉 6= 0, the real part of the φ2 field obtains mass and its imaginary part is
massless and stable. In that case, the DM candidate would be the Goldstone boson related to
the breakdown of the U(1)χ symmetry. In general, such massless DM has severe constraints
from the big bang nucleosynthesis [27, 28] and the bullet cluster [14, 29]. Here we do not
consider this case.
Also, we work in the context of ζ ≡ VΦ
Vφ
≪ 1. This assumption allows us to implement
a stable and natural see-saw mechanism for neutrino masses at low energies, as shown in
Ref. [21]. Once V 2H + 2V
2
Φ = (246)
2 GeV2 and VH is the mainly responsible to give the top
quark mass at tree level, we have V 2H ≫ V 2Φ . Choosing Vφ ∼ 1 TeV and VΦ ∼ 1 MeV, as in
Ref. [21], we have that the ζ parameter is ∼ 10−6.
6
In general, we solve numerically the minimization conditions, and using standard pro-
cedures we construct numerically the mass-squared matrices for the charged, CP-even and
CP-odd scalar fields. We choose the parameters in the potential such that they satisfy simul-
taneously the minimization conditions, the positivity of the squared masses and the lower
boundedness of the scalar potential. In order to satisfy this last condition, we choose the
parameters such that the quartic terms in the scalar potential are positive for all directions.
Although, all those constraints are checked numerically, let us give an insight into some con-
straints coming from the minimization conditions and the positivity of the squared masses
when we do some simplifying assumption on the parameters. First, we solve the Eqs. (31)
and (37) in the limit ζ → 0. Doing so, we have
µH = ±
√
λHV 2SM +
1
2
(ΛHs1 + ΛHs3 + ΛHsX)V 2φ +O (ζ) ; (5)
κH1X = O (ζ) ; κH2X = O (ζ) ; (6)
µs1 = ±
√
ΛHs1V 2SM + (∆13 +∆1X + 2λs1)V
2
φ√
2
+O (ζ) ; (7)
µs3 = ±
√
ΛHs3V 2SM + (3β3X +∆13 +∆3X + 2λs3)V
2
φ√
2
+O (ζ) ; (8)
µsX = ±
√
ΛHsXV 2SM + (β3X +∆1X +∆3X + 2λsX)V
2
φ√
2
+O (ζ) ; (9)
From Eq. (6), we see that κH1X → 0 and κH2X → 0 when ζ → 0 (and keeping Vφ finite).
Thus, in our calculations we choose κH1X ∼ VΦ and κH2X ∼ VΦ/Vφ.
To simplify the squared masses and obtain useful analytical expressions, let us consider
λ11 = λ22 = λs1 = λs3 = λsX ; ΛH1 = ΛH2 = ΛHs1 = ΛHs3 = ΛHsX = Λ
′
H1 = Λ
′
H2;
Λ
′
11 = Λ
′
13 = Λ
′
1X = Λ
′
21 = Λ
′
23 = Λ
′
2X = λ12 = λ
′
12 = ∆13 = ∆1X = ∆3X ; Λ
′
12 = Λ
′
22 =
∆12 = ∆23 = ∆2X and the other parameters without restrictions. The previous constraints
have been inspired by the similitude of the respective potential terms. We have left free the
parameters that involve the DM candidates. Also, we have assumed that the H scalar field
is the Higgs-like field in this model. Doing these considerations, we have, apart from the
Goldstone bosons that are eaten by the W± bosons, two charged scalars, C±1,2, with masses
given by
m2
C±
1
,C±
2
=
1
4
[
2ΛH1V
2
SM +
(
1 +
√
2
)
VSMVφ
7
∓Vφ
(√(
3− 2
√
2
)
V 2SM + 4β
2
13V
2
φ + 2β13Vφ
)]
+O (ζ) ; (10)
In the CP-odd scalar sector, we have, besides the two Goldstone bosons which give mass to
the Z1µ and Z2µ gauge bosons, the following mass eigenvalues:
m2I3 = O (ζ); m2I4 =M2DM; m2I7 = −5β3XV 2φ +O (ζ) ; (11)
m2I5,I6 =
1
4
Vφ
[(
1 +
√
2
)
VSM − 2β13Vφ ∓
√
4β213V
2
φ +
(
3− 2
√
2
)
V 2SM
]
+O (ζ) ; (12)
Finally, in the CP-even scalar sector we have m2R4 =M
2
DM, and
m2R5,R6 =
1
4
Vφ
[(
1 +
√
2
)
VSM − 2β13Vφ ∓
√
4β213V
2
φ +
(
3− 2
√
2
)
V 2SM
]
+O (ζ) ; (13)
the other mass eigenvalues are not shown for shortness. As shown in the above expressions
in the O (ζ) we have three degenerate mass eigenstates, i.e. m2R4 = m2I4 , m2R5 = m2I5 and
m2R6 = m
2
I6
. Imposing that all these masses are positive, we find the following conditions:
MDM > 0 ∧ β3X < 0
∧ [(Λ′H2 > 0 ∧ β13Vφ +√2VSM < 2VSM )∨(
Vφ > −2
(√
2− 1)Λ′H2VSM ∧ β13 < VSM (Λ′H2VSM +Vφ)(Λ′H2VSM +√2Vφ)V 2
φ (2Λ
′
H2
VSM +(1+
√
2)Vφ)
∧ Λ′H2 ≤ 0
)]
. (14)
Despite the fact that the Eqs. (5-14) are only valid in the limit ζ → 0, these relations will
be useful in our analysis, at least as a starting point.
IV. GAUGE BOSONS
In this model the gauge symmetry breaking proceeds in two stages. In the first stage, the
real components of the φ1, φ3, φX fields obtain VEVs, say Vφ, as discussed in the previous
section. Once this happens, the gauge symmetry is broken down to SU(2)L⊗U(1)Y , where Y
is the usual hypercharge of the SM. In the second stage, the electrically neutral components
of the H, Φ1,2 obtain VEVs, VH and VΦ, respectively, thus, breaking down the symmetry to
U (1)Q.
The mass terms for the three electrically neutral SU(2)L ⊗ U(1)Y ′ ⊗ U(1)B−L gauge
bosons (W 3µ , B
Y ′
µ , and B
B−L
µ ) arise from the kinetic terms for the scalar fields upon replacing
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H, Φ1,2, φ1,2,3,X by their respective VEVs (〈φ2R〉 = 0). In general the mass-square matrix
for W 3µ , B
Y ′
µ , and B
B−L
µ can be written as follows:
M2Gauge Bosons =

g2 (K + P + 2N) −ggY ′ (K +N) −ggB−L (P +N)
−ggY ′ (K +N) g2Y ′K gY ′gB−LN
−ggB−L (P +N) gY ′gB−LN g2B−LP
 ; (15)
where g, gY ′ and gB−L are the SU (2)L , U (1)Y ′ , U (1)B−L coupling constants, respectively.
K, P , N are defined by K ≡ 1
4
∑
a V
2
a Y
′2
a , P ≡ 14
∑
a V
2
a (B−L)2a, N ≡ 14
∑
a V
2
a Y
′
a(B−L)a;
with Y ′a and (B−L)a being the quantum numbers given in the Tables I and II. Considering
our aforementioned assumptions we have:
K =
1
4
(
V 2H + 41V
2
Φ + 74V
2
φ
)
, P =
1
4
(
45V 2Φ + 74V
2
φ
)
, N = −1
4
(
42V 2Φ + 74V
2
φ
)
. (16)
In order to obtain the relation between the neutral gauge bosons
(
W 3µ , B
Y ′
µ , B
B−L
µ
)
and the
corresponding mass eigenstates, we diagonalize M2Gauge Bosons . Doing so, we have:
γµ =
1
Nγ
[
1
g
W 3µ +
1
gY ′
BY
′
µ +
1
gB−L
BB−Lµ
]
; (17)
Z1µ =
1
NZ1
[
g
(
Pg2B−L −Ng2Y ′ −M2Z1
)
W 3µ − gY ′
(
(P +N) g2 + Pg2B−L −M2Z1
)
BY
′
µ
+gB−L
(
(P +N) g2 +Ng2Y ′
)
BB−Lµ
]
; (18)
Z2µ =
1
NZ2
[
g
(
Pg2B−L −Ng2Y ′ −M2Z2
)
W 3µ − gY ′
(
(P +N) g2 + Pg2B−L −M2Z2
)
BY
′
µ
]
+gB−L
(
(P +N) g2 +Ng2Y ′
)
BB−Lµ
]
; (19)
where Nγ, NZ1, NZ2 are the corresponding normalization constants. Also, γµ corresponds to
the photon, and Z1µ and Z2µ are the two massive neutral vector bosons of the model, and
their squared masses are given by M2γ = 0, and
M2Z1µ,Z2µ =
1
2
R∓ 1
2
[
R2 − 4 (KP −N2) (g2 (g2Y ′ + g2B−L)+ g2Y ′g2B−L)]1/2 , (20)
with R ≡ (K + P + 2N)g2 +Kg2Y ′ + Pg2B−L.
For future discussion, it is convenient to define the following basis
Zµ = cos θW W
3
µ − sin θW sinαBY
′
µ − sin θW cosαBB−Lµ ; (21)
Z ′µ = cosαB
Y ′
µ − sinαBB−Lµ ; (22)
and the γµ defined as in Eq. (17). The α angle defined as tanα ≡ gB−L/gY ′, can be under-
stood as the parameter of a particular SO (2) transformation on the two gauge bosons, BY
′
µ
9
and BB−Lµ , that rotates the U (1)Y ′ ⊗U (1)B−L gauge group into the U (1)Y ⊗U (1)Z gauge
group. In the last expression U (1)Y is the usual hypercharge gauge group. Also, we have
that g2 sin2 θW = e
2 =
(
1/g2 + 1/g2Y ′ + 1/g
2
B−L
)−1
. The U (1)Z can be understood as the
gauge group with the coupling g2Z = g
2
Y ′ + g
2
B−L. Using Eqs. (21) and (22), we can write the
two massive gauge bosons Z1µ and Z2µ in terms of Zµ and Z
′
µ as follows:
Z1µ = cos β Zµ + sin β Z
′
µ; (23)
Z2µ = − sin β Zµ + cos β Z ′µ; (24)
where
tan β =
√
g2
(
g2Y ′ + g
2
B−L
)
+ g2Y ′g
2
B−L
(
g2B−LP − g2Y ′N −M2Z2
)
g2
(
g2Y ′ + g
2
B−L
)
(P +N) + g2Y ′
(
g2B−L(P +N)−M2Z2
) . (25)
From Eqs. (20), (23) and (24), we can see that tanβ = 0 when Vφ → ∞ or V 2H =(
g2Y ′ + 3g
2
B−L
)
V 2Φ/g
2
Y ′. However, this last solution is not allowed since in our case we have
VH ≫ VΦ and O (gY ′) ∼ O (gB−L).
In this work, we use the following gauge couplings, g ≃ 0.65, gY ′ = gB−L ≃ 0.505, such
that tanβ ≃ 4 × 10−4. Doing so, we have Z1µ ≃ Zµ and Z2µ ≃ Z ′µ. In general, the β angle
must be quite small, β . 10−3, to be in agreement with precision electroweak studies [30–32]
since a new neutral boson Z2µ which mixes with the SM Zµ distorts its properties, such as
couplings to fermions and mass relative to electroweak inputs. Using those parameters for
the gauge couplings and the VEVs discussed in the previous section, we obtain MZ′ ≃ 3.1
TeV besides the already known masses for the SM gauge bosons. In general, a new neutral
vector boson must have a mass in the order of few TeV, or be very weakly coupled to the
known matter to maintain consistency with the present phenomenology [30–35]. Doing a
phenomenological study of the bounds on the parameter space imposed by data coming from
LEP II, Tevatron and LHC in the present model is out of the scope of this work. However,
we see that the MZ′ value above is consistent with the relation MZ′/gB−L ≃ 6.13 & 6 TeV
[33, 34].
Finally, the charged gauge bosons W±µ are not affected by the presence of one additional
neutral gauge boson Z2µ. These have the same form as in the SM, W
±
µ =
1√
2
(
W 1µ ∓ iW 2µ
)
,
with masses given by M2W± =
1
4
g2V 2SM =
1
4
g2 (V 2H + 2V
2
Φ).
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V. DARK MATTER
A. Thermal Relic Density
In order to calculate the present-day DM mass density, ΩDMh
2, arising from RDM and IDM
scalars freezing out from thermal equilibrium, we follow the standard procedure in Refs. [36,
37]. Thus, we should find the solution to the Boltzmann equations for the YRDM and YIDM,
which are defined as the ratio of the number of particles (nRDM and nIDM) to the entropy,
Yi ≡ ni/s (i = RDM, IDM), with s being the total entropy density of the Universe. Usually,
s is written in terms of the effective degrees of freedom heff (T ) as follows: s =
2pi2
45
heff (T )T
3;
where T is the photon temperature and heff is calculated as in the Ref. [36]. Actually,
in our case, due to the U(1)χ symmetry introduced in Sec. III, MIDM = MRDM = MDM,
YRDM = YIDM ≡ Y , and, ΩDMh2 = ΩRDMh2 + ΩIDMh2 = 2ΩRDMh2 = 2ΩIDMh2. Therefore, the
Boltzmann equation that we have to solve is
dY
dx
= −
(
45
pi
G
)−1/2
g
1/2
∗ MDM
x2
〈σvMoller〉ann
[
Y 2 − Y 2eq
]
; (26)
where x = MDM/T , G is the gravitational constant, and Yeq = neq/s. neq is the thermal
equilibrium number density and when MDM/T ≫ 1, it is neq = gi
(
MDMT
2pi
)3/2
exp
[−MDM
T
]
;
where gi = 1 is the internal degree of freedom for the scalar dark matter. The g∗ parameter
in the Eq. (26) is calculated as in the Ref. [36].
Also, we have that the thermal-average of the annihilation cross section times the Moller
velocity, 〈σvMoller〉ann, has the following form
〈σvMoller〉ann =
1
8M4DMTK
2
2 (MDM/T )
ˆ ∞
4M2
DM
σann
(
s− 4M2DM
)√
sK1
(√
s/T
)
ds, (27)
where Ki are the modified Bessel functions of order i. The variable s, in the integral above,
is the Mandelstam variable. Finally, once the Y is numerically calculated for the present
time, Y0, we can obtain ΩDMh
2 = 2.82× 108 × (2× Y0)× MDMGeV .
In order to calculate σann, we have taken into account all dominant annihilation processes
which are shown in Fig. (1). In our case, the dominant annihilation contributions come
from the scalar exchange. This is due to the fact that our DM candidates, RDM and IDM ,
couple neither to Zµ nor to W
±
µ gauge bosons at tree level, since they are SM singlets. Also,
we have found that contributions coming from Z ′µ exchange are negligible for the parameter
set considered here.
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Figure 1: Main annihilation processes that contribute to 〈σvMoller〉ann.
Taking into account all previously mentioned, we have solved numerically Eq. (26) for a
representative set of parameters. Although the scalar potential in this model has many
free parameters, we have found that the most relevant parameters in determining the
correct DM relic density and in satisfying the currently direct experimental limits are
ΛHs2, ∆α2 (with α = 1, 3, X) and Λ
′
γ2 (with γ = 1, 2). The ΛHs2 coupling strongly con-
trols the direct detection signal, since in our case both the Higgs-like scalar is almost totally
the neutral CP-even component of the H field and as discussed below, the direct detec-
tion is mainly mediated by the t−channel Higgs exchange. In order to obtain the cor-
rect direct detection limits without resorting to resonances, we found that ΛHs2 ∼ 10−4.
The ∆α2 and Λ
′
γ2 parameters are also crucial in obtaining the correct ΩDMh
2 because they
mostly control the DM − DM − Ri (Ii) − Ri (Ii) and DM − DM − Ri couplings and,
therefore, the σann. The latter is not allowed to vary in a wide range since, roughly,
ΩDMh
2 ∼ 1/ 〈σvMoller〉ann and we aim to obtain values close to ΩDMh2 ∼ 0.11. In other
words, the larger ∆α2 and Λ
′
γ2 parameters are, the smaller the ΩDMh
2 is. In (2), we have
used Λ′γ2 ≃ 10−2 and ∆α2 ≃ 9 × 10−2. It is also important here to mention that the dom-
inant process is the DM + DM → I3 + I3 annihilation, where I3 refers to the lightest
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CP-odd scalars, as in Sec (III). Although the other parameters in the scalar potential are
not as critical in determining the ΩDMh
2, they give the other quantitative characteristics
appearing in Fig. (2). In order to be more specific, we have choose the other parameters
such that the mass scalar spectrum is given by: 1437.6, 1016.9, 631.7, 544.9, 379.6, 125 GeV
and 707.1, 544.9, 379.6, 2.3 × 10−6 GeV for the CP-even and CP-odd scalars, respectively.
The CP-even scalars with masses 1437.6, 1016.9, 631.7 GeV have components only in the
singlets φ1,3,X and the CP-even scalars with 544.9, 379.6 GeV have components only in the
scalar doublets Φ1,2. The CP-even scalar with 125 GeV has component in the H doublet
and it is the Higgs-like scalar in our model. In Fig. (2), we can also observe three resonances
in ≃ 315.8, 508.5, 718.8 GeV corresponding to the s−channel exchange of CP-even scalars
with components in the singlets. Let us also mention that the processes via the s−channel
due to the exchange of the CP-even scalars with masses 125, 379.6, 544.9 GeV are highly
suppressed because of the smallness of their couplings. Thus, their resonances do not appear
in Fig. (2).
Figure 2: The total thermal relic density of the IDM and RDM as a function of MDM. We have used
three different parameters for ΛHs2 = 0.3× 10−4, 1× 10−4, 5× 10−4.
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B. Direct Detection
Despite weakly coupled to baryons, WIMPs can scatter elastically with atomic nuclei,
providing the opportunity for direct detection. Currently, there are several experiments
which aim to directly observe WIMP dark matter [17–19]. The signal in these experiments
is the kinetic energy transferred to a nucleus after it scatters off a DM particle. The energies
involved are less or of the order of 10 keV. At these energies the WIMP sees the entire
nucleus as a single unit, with a net mass, charge and spin. In general, the WIMP-nucleus
interactions can be classified as either spin-independent or spin-dependent. In our case, these
interactions are spin-independent because the two DM candidates are scalars. The relevant
WIMP-nucleus scattering process for direct detection in the case considered here takes place
mainly through the t−channel elastic scattering due to Higgs exchange:(IDM, RDM) +N →
(IDM, RDM) + N (N refers to the atomic nucleus). The spin-independent cross section is
given by
σSIχN =
4
pi
M2DMm
2
N
(MDM +mN)
2 [Zfp + (A− Z) fn]2 ; (28)
where the effective couplings to protons and neutrons, fp,n, are
fp,n =
∑
q=u,d,s
Geff,q√
2
f
(p,n)
Tq
mp,n
mq
+
2
27
f
(p,n)
TG
∑
q=c,b,t
Geff,q√
2
mp,n
mq
. (29)
By using f
(p,n)
Tq and f
(p,n)
TG given in Ref. [38] and the fact that, in our case, Geff,q = G0×mq ≡
C
DM2H
VHM
2
Higgs
×mq (with CDM2H being the coupling DM − DM − Higgs which depends on the
parameters of the model), we arrive at the cross section per nucleon of
σSIχ,p ≈ 2.7× 107 ×
M2DMm
2
N
(MDM +mN )
2 ×G20 in pbarn. (30)
Recently, the Large Underground Xenon (LUX) experiment [19] has reported its first
results, setting limits on spin-independent WIMP-nucleon elastic scattering with a minimum
upper limit on the cross section of 7.6 × 10−10 pbarn at a WIMP mass of 33 GeV/c2. We
have found that choosing ΛHs2 ∼ 10−4 we obtain the LUX bound without resorting to
resonances. It is clear that values of ΛHs2 larger can be considered. However, we have
chosen this conservative value for ΛHs2. Our results are shown in Fig. (3). The parameters
are the same as in Fig. (2).
14
Figure 3: The spin-independent elastic scattering cross section, σSIχ,p, off a proton p as a function of
MDM for the same parameters as in Fig.2, appropriately scaled to relic density. We also show the
XENON100 and LUX exclusion limits [17, 19].
From Figs. (2) and (3), we see that for a DM candidate with mass around 200 GeV and
ΛHs2 = 0.3×10−4, 1×10−4, the two conditions, ΩDMh2 and the direct detection, are satisfied
outside the resonance regions. We also have verified that this is a general characteristic of
this model. Due to the existence of the light I3 scalar the annihilation process DM+DM →
I3+ I3 Fig. (1,a) is the dominant one so that we do not have to appeal to resonances to get
compatibility with experiments. Other MDM values which satisfy the experimental bounds
are shown in Figs (2) and (3). Specifically, MDM ≈ 319, 410, 511, 590, 737 GeV are also
possible solutions. However, these are within regions with resonances.
Let us now do some important remarks about the impact of the existence of I3 in this
model. First of all, we have a tree level contribution to the Higgs invisible decay, ΓInvh ,
due to the coupling of the Higgs field with the light pseudo-scalar field, chI3I3, which comes
from the Lagrangian terms of the form |H|2|φ1,2,X|2, and gives ΓInvhI3I3 = c2hI3I3/32pimh for
mI3 ≪ mh. Actually, when 2MDM < mh the h → IDM IDM and h → RDMRDM decays
are also allowed, thus, further contributing to ΓInvh according to Γ
Inv
hDMDM = Γ
Inv
hIDMIDM
+
15
ΓInvhRDMRDM = 2× c2hDMDM/(32pimh)×
√
1− 4M2DM/m2h with chDMDM ≈ ΛHs2VH . The current
limit on the branching ratio into invisible particles of the Higgs, BRInvh , is around 10% −
15% [39, 40]. A stronger bound of BRInvh < 5% at 14 TeV LHC has been claimed [41].
From the set of parameters used to obtain Fig. (2) and Fig. (3) we have that BRInvh =(
ΓInvhI3I3 + Γ
Inv
hDMDM
)
/
(
ΓVish + Γ
Inv
hI3I3
+ ΓInvhDMDM
) ≃ 3.78% for MDM = 50 GeV. For different
MDM values we have found BR
Inv
h < 5%. Also, we have used Γ
Vis
h = 4.07 MeV for mH = 125
GeV. The model is also safe regarding the severe existing constraints on the invisible decay
width of Zµ boson since there is no a process like Zµ → RI3 → I3I3I3 [25] due to the
fact that I3 has only components in the SM singlets. (It would be kinetically forbidden
anyway once all real scalar fields of the model are heavier than the Zµ boson.) For the same
reason, there is no issue with the energy loss in stars astrophysical constraint since there
is no tree level coupling inducing the γ + e− → e− + I3 [26]. Finally, some last comments
are necessaries. In general, the I3 could also contribute to the ΩDMh
2 because it is massive.
However, the I3 pseudo-scalar is not stable. It decays mainly in active neutrinos, ν’s, with
ΓI3→νν ≈ mI316pi
∑
im
2
νi
V 2
φ
[42]. For the parameter set used here, we have τI3 ≃ 1/ΓI3→νν ≈ 109 s,
where we have used
∑
im
2
νi . 0.01 eV
2. With τI3 given here and tU ≃ 4.3 × 1017s (age
of the Universe), the ΩI3h
2 ≃ mI3
1.25 keV
exp (−tU/τI3) ≃ 0. In the last expression for ΩI3h2
we have considered that the TDI3 > 175 GeV (where TDI3 is the decoupling temperature
of the I3). There is also a constraint comes from the observed large scale structure of the
Universe [43, 44]. Roughly speaking, this last condition impose rI3
mI3
1 keV
(τI3
1 s
)1/2
. 4×103 [43].
In last expression rI3 = geff(T0)/geff(TDI3) ≈ 1/25, being geff the effective number of the
relativistic degrees of freedom. With our parameter set this condition is satisfied.
VI. CONCLUSIONS
We have discussed in this work a scenario where a complex DM candidate is possi-
ble. In particularly, the model studied here is a gauge extension of the SM based on a
SU(2)L ⊗ U(1)Y ′ ⊗ U(1)B−L symmetry group. This model contents three right handed
neutrinos and some extra scalars, doublets and singlets, with different quantum numbers.
In principle, those scalars are introduced to generate Majorana and Dirac mass terms at
the tree level and to allow the implementation of a see-saw mechanism at the TeV scale
as shown in Ref. [21]. The non-standard doublets and singlets introduce two new energy
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scales, besides the electoweak one given VH = 246 GeV: VΦ (the VEVs of the extra doublet
neutral scalars) and Vφ (the VEVs of the extra singlet neutral scalars). If ζ ≡ VΦ/Vφ ≪ 1
the see-saw mechanism becomes natural [21]. In this context, we have studied the scalar
spectrum and imposed a Z2 symmetry on the φ2 singlet scalar (which accidentally became
a U(1)χ symmetry : φ2 → exp(−iχφ2)φ2) in order to allow a complex DM candidate. Before
studying the constraints coming from the thermal relic density (ΩDMh
2) and direct detection
experiments on this DM candidate, we have done a brief analysis of the gauge sector con-
cerning the Zµ, Z
′
µ mixing angle (tan β ≃ 4× 10−4) which satisfies the β . 10−3 electroweak
precision constraint, and we have verified that the Z ′µ mass emerging from the model is con-
sistent with the relation MZ′/gB−L ≃ 6.13 & 6 TeV. Then, we have chosen some parameters
that simultaneously allow us to have a compatible ΩDMh
2 and satisfy the direct detection
experiments. Although the scalar potential has many parameters, we have found that the
ΛHs2, ∆α2 (with α = 1, 3, X) and Λ
′
γ2 (with γ = 1, 2) parameters mostly control these two
constraints. The ΛHs2 parameter is fundamental in satisfying the limits coming from direct
detection, since in our case it takes place through the t−channel elastic scattering due to
the Higgs exchange. Choosing ΛHs2 ∼ 10−4 roughly satisfies the bounds from the LUX
experiment and allows a ΩDMh
2 in agreement with the WMAP and PLANCK experiments.
The ∆α2 and Λ
′
γ2 parameters control σann mostly and, therefore ΩDMh
2. As an example, we
have shown ΩDMh
2 and σSIχ,p, for Λ
′
γ2 ≃ 10−2 and ∆α2 ≃ 9 × 10−2, in Figs. (2) and (3). It
is interesting to note that this model, for the same set of parameters fixed, except MDM’s,
has several MDM values satisfying the experimental bounds. In other words, we have found
solutions in the region outside and inside of the resonances for the same parameters, varying
MDM only. As previously mentioned, the presence of a light scalar, I3, in this model makes
the process DM +DM → I3 + I3 to be dominant for ΩDMh2. However, I3 may bring some
potential problems, so that we have discussed some constraints imposed on I3 coming from
the Higgs and the Zµ invisible decay widths, the energy loss in stars and the observed large
scale structure of the Universe. We have found that in our context all of these constraints
are satisfied. Finally, we would like to point out the recent work studying the possibility of
having a Majoron DM candidate [45].
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APPENDIX: THE MINIMIZATION CONDITIONS
The general minimization conditions coming from ∂V1/∂Ri = 0, where V1 is the scalar po-
tential with U(1)χ symmetry and Ri = {H0R, Φ01R, Φ02R, φ1R, φ2R, φ3R φXR} are the neutral
real components of the scalar fields, can be written as:
0 = VH
(
2λHV
2
H + ΛH1V
2
Φ1 + ΛH2V
2
Φ2 + ΛHs1V
2
φ1 + ΛHs2V
2
φ2 + ΛHs3V
2
φ3 + ΛHsXV
2
φX
− 2µ2H
)
−
√
2κH1XVΦ1VφX − κH2XVΦ2V 2φX ; (31)
0 = VΦ1
(
ΛH1V
2
H + 2λ11V
2
Φ1
+ (λ′12 + λ12)V
2
Φ2
+ Λ′11V
2
φ1
+ Λ′12V
2
φ2
+ Λ′13V
2
φ3
+ Λ′1XV
2
φX
− 2µ211
)
−
√
2κH1XVHVφX + β13VΦ2Vφ1Vφ3; (32)
0 = VΦ2
(
ΛH2V
2
H + (λ12 + λ
′
12)V
2
Φ1 + 2λ22V
2
Φ2 + Λ
′
21V
2
φ1 + Λ
′
22V
2
φ2 + Λ
′
23V
2
φ3 + Λ
′
2XV
2
φX
− 2µ222
)
−κH2XVHVφX 2 + β13VΦ1Vφ1Vφ3; (33)
0 = Vφ1
(
ΛHs1V
2
H + Λ
′
11V
2
Φ1
+ Λ′21V
2
Φ2
+ 2λs1V
2
φ1
+∆12V
2
φ2
+∆13V
2
φ3
+∆1XV
2
φX
− 2µ2s1
)
+β13VΦ1VΦ2Vφ3 ; (34)
0 = Vφ2
(
ΛHs2V
2
H + Λ
′
12V
2
Φ1 + Λ
′
22V
2
Φ2 +∆12V
2
φ1 + 2λs2V
2
φ2 +∆23V
2
φ3 +∆2XV
2
φX
− 2µ2s2
)
; (35)
0 = Vφ3
(
ΛHs3V
2
H + Λ
′
13V
2
Φ1
+ Λ′23V
2
Φ2
+∆13V
2
φ1
+∆23V
2
φ2
+ 2λs3V
2
φ3
+∆3XV
2
φX
+ 3β3XVφ3VφX
−2µ2s3
)
+ β13VΦ1VΦ2Vφ1 ; (36)
0 = VφX
(
ΛHsxV
2
H + Λ
′
1XV
2
Φ1
+ Λ′2XV
2
Φ2
+∆1XV
2
φ1
+∆2XV
2
φ2
+ 2λsxV
2
φX
− 2κH2XVHVΦ2 − 2µ2sx
)
−
√
2κH1XVHVΦ1 + β3XV
3
φ3 +∆3XV
2
φ3VφX ; (37)
In the Eqs. (31)-(37) above, VH , VΦ1, VΦ2, Vφ1, Vφ2, Vφ3 , VφX are the VEVs of
H0R, Φ
0
1R, Φ
0
2R, φ1R, φ2R, φ3R , φXR, respectively.
[1] G. R. Blumenthal, S. Faber, J. R. Primack, and M. J. Rees, Nature (London) 311, 517 (1984).
18
[2] M. Davis, G. Efstathiou, C. S. Frenk and S. D. M. White, Astrophys. J. 292, 371 (1985).
[3] D. Clowe, M. Bradac, A. H. Gonzalez, M. Markevitch, S. W. Randell, C. Jones and D. Zaritsky,
Astrophys. J. 648, L109 (2006).
[4] C. L. Bennett et al., Astrophys. J. Suppl. Ser. 208, 20 (2013).
[5] P. A. R. Ade et al. (Planck collaboration), arXiv:1303.5076v3 (2013).
[6] H. Goldberg, Phys. Rev. Lett. 50, 1419 (1983).
[7] J. Ellis, J. S. Hagelin, D.V. Nanopoulos, K. Olive, and M. Srednicki, Nucl. Phys. B 238, 453
(1984).
[8] G. L. Kane, C. Kolda, L. Roszkowski, and J. D. Wells, Phys. Rev. D 49, 6173 (1994).
[9] J. Edsjo and P. Gondolo, Phys. Rev. D 56, 1879 (1997).
[10] D. Hooper and S. Profumo, Phys. Rep. 453, 29 (2007).
[11] K. Agashe and G. Servant, Phys. Rev. Lett. 93, 231805 (2004).
[12] A. Birkedal, A. Noble, M. Perelstein, and A. Spray, Phys. Rev. D 74, 035002 (2006).
[13] C. P. Burgess, M. Pospelov, and T. ter Veldhuis, Nucl. Phys. B 619, 709 (2001).
[14] V. Barger, P. Langacker, M. McCaskey, M. Ramsey-Musolf, and G. Shaughnessy, Phys. Rev.
D 79, 015018 (2009).
[15] N. Okada and O. Seto, Phys. Rev. D 82, 023507 (2010).
[16] M. Lindner, D. Schmidt, and T. Schwetz, Phys. Lett. B 705, 324 (2011).
[17] E. Aprile et al. (XENON100 Collaboration), Phys. Rev. Lett. 109, 181301, (2012).
[18] R. Agnese et al. (SuperCDMS collaboration), Phys. Rev. Lett. 112, 041302 (2014).
[19] D. S. Akerib et al. (LUX Collaboration), Phys. Rev. Lett. 112, 091303 (2014).
[20] J. C. Montero and V. Pleitez, Phys. Lett. B 675, 64 (2009).
[21] J. C. Montero and B. L. Sánchez–Vega, Phys. Rev. D 84, 053006 (2011).
[22] A. G. Dias, A. C. B. Machado, and C. C. Nishi, Phys. Rev. D 86, 093005 (2012).
[23] A. C. B. Machado and V. Pleitez, J. Phys. G: Nucl. Part. Phys. 40, 035002 (2013).
[24] K. Nakamura et al. (Particle Data Group), J. Phys. G 37, 075021 (2010).
[25] M. C. Gonzalez-Garcia and Yosef Nir, Phys. Lett. B 232, 383 (1989).
[26] R. N. Mohapatra and P. B. Pal, Massive Neutrinos in Physics and Astrophysics (World Sci-
entific, Singapore, 2004), 3rd. ed.
[27] V. Barger, J. P. Kneller, H. S. Lee, D. Marfatia, and G. Steigman, Phys. Lett. B 566, 8 (2003).
[28] R. H. Cyburt, B. D. Fields, K. A. Olive, and E. Skillman, Astropart. Phys. 23, 313 (2005).
19
[29] S. W. Randall, M. Markevitch, D. Clowe, A. H. Gonzalez, and M. Bradac, ApJ 679, 1173
(2008).
[30] J. Erler, P. Langacker, S. Munir, and E. Rojas, JHEP 0908, 017 (2009).
[31] F. del Aguila, J. de Blas, and M. Perez-Victoria, JHEP 1009, 033 (2010).
[32] R. Diener, S. Godfrey, and I. Turan, Phys. Rev. D 86, 115017 (2012).
[33] T. Appelquist, B. A. Dobrescu, and A. R. Hopper, Phys. Rev. D 68, 035012 (2003).
[34] M. Carena, A. Daleo, B. A. Dobrescu, and T. M. P. Tait, Phys. Rev. D 70, 093009 (2004).
[35] T. Han , P. Langacker, Zhen Liua, and L. Wang, arXiv:1308.2738v1.
[36] P. Gondolo and G. Gelmini, Nucl. Phys. B 360, 145 (1991).
[37] K. Griest and D. Seckel, Phys. Rev. D 43, 3191 (1991).
[38] J. R. Ellis, A. Ferstl, and K. A. Olive, Phys. Lett. B 481, 304 (2000).
[39] G. Belanger, B. Dumont, U. Ellwanger, J. F. Gunion and S. Kraml, Phys. Rev. D 88, 075008
(2013).
[40] J. Ellis and T. You, JHEP 1306, 103 (2013).
[41] M. E. Peskin, arXiv:1207.2516v3.
[42] M. Lattanzi and J. W. F. Valle, Phys. Rev. Lett. 99, 121301 (2007).
[43] E. Kh. Akhmedov, Z. G. Berezhiani, R. N. Mohapatra and G. Senjanovic, Phys. Lett. B 299,
90 (1993).
[44] G. Steigman and M. S. Turner, Nucl. Phys. B 253, 375 (1985).
[45] F. S. Queiroz and K. Sinha, arXiv:1404.1400v2.
20
